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http:WHAT THIS PAPER ADDS
The clinical implication of this study is that temperature is an important factor when considering sclerosant foam
stability. No publication to date has speciﬁed the signiﬁcance of temperature on the clinical application of
sclerotherapy. What this study does show is that temperature should be considered as a determinant for
sclerosant efﬁcacy, at least from a mechanical standpoint. Pre-cooling seemed to have the best results and
hence we propose that keeping the syringes and sclerosants refrigerated prior to use for at least 30 minutes
would prolong the half-time of sclerosant foams and improve their stability.Objectives: Sclerosant foams are aqueous and break down under the inﬂuence of gravity, pressure, and
temperature. The aim of this study was to investigate the effects of temperature on foam stability.
Methods: Sodium tetradecyl sulphate (STS) and polidocanol (POL) liquid and foam (1 þ 4, liquid-plus-air fraction)
were investigated in a range of concentrations (0.5%, 1.5%, 3.0%) and temperatures. Surface tension was
measured by the Du Nuoy ring method. Liquid drainage from foam was measured and documented by serial
photography. Both pre- and post-cooling variations were investigated.
Results: Surface tension decreased at higher temperatures. Surface tension of POL was higher than STS at
concentrations tested. POL foam half-time increased signiﬁcantly at higher concentrations while the half-time of
STS foam was not affected by concentration. Heating the sclerosant foam above the ambient temperature
reduced its half-time while cooling below the ambient temperature prolonged the half-time. Both pre- and post-
cooling of the foams resulted in signiﬁcant prolongation of half-times when compared to no cooling. Maximum
stability of the two sclerosant foams tested was achieved at 10 C.
Conclusions: Foam sclerosants are more stable at cooler temperatures.
 2013 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Sodium tetradecyl sulphate (STS) and Polidocanol (POL) are
surface active agents (surfactants) used in the sclerotherapy
treatment of varicose veins and vascular malformations.
These agents are administered as liquids or foams and
function by endothelial lysis, exposure of the basement
membrane collagen resulting in endovenous ﬁbrosis. Scle-
rosant foams have predominantly replaced liquid agents in
clinical practice. Foam sclerosants have the added beneﬁt of
displacing the intravascular blood and hence maximizing
contact of the active agent with the vessel wall and mini-
mizing dilution and deactivation by blood components.1rresponding author. K. Parsi, Dermatology, Phlebology and Fluid
nics Research Laboratory, St. Vincent’s Hospital Centre for Applied
l Research, Level 8, Lowy-Packer Building, 405 Liverpool Street,
hurst, NSW 2010, Australia.
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//dx.doi.org/10.1016/j.ejvs.2013.08.012Surfactants reduce the surface tension of liquids by
dispersing among the surface molecules. As they possess a
polar hydrophilic head and a non-polar hydrophobic tail,
they are known as amphiphilic compounds. These agents
are also classiﬁed on the basis of the ionic nature of the
polar head.2 STS is a harsh anionic surfactant capable of
denaturing proteins while POL is a mild non-ionic agent. The
amphiphilic nature allows surfactants to adsorb at the gase
liquid interfaces of bubbles, making stable bubble ﬁlms.
Aqueous foams are inherently unstable and evolve through
gravitational drainage of liquid, bubble coalescence, foam
coarsening, and ﬁlm rupture.3
Temperature can affect the basic physiochemical char-
acteristics of surfactants. Higher temperatures may result in
a reduction of surface tension4 or even chemical decom-
position of certain surfactants.5 At a particular concentra-
tion speciﬁc for each surfactant, the critical micellar
concentration (CMC), surfactant monomers aggregate to
form micelles. For non-ionic surfactants, the CMC decreases
with an increasing temperature due to an increase in
Table 1. The effect of temperature on liquid surface tension. The
liquid surface tension of sodium tetradecyl sulphate (STS) and
polidocanol (POL) was measured at three temperatures using a
Du Nuoy Ring method. Results are mean  the standard error
of the mean (n ¼ 3).
Temperature (C) Mean surface tension (mN/m)
STS POL
15 24.26  0.13 25.54  0.05
25 23.80  0.19 24.51  0.02
35 23.79  0.03 23.75  0.06
594 G.C. Valenzuela et al.hydrophobicity caused by the destruction of hydrogen
bonds between the water molecules and the hydrophilic
polar heads of surfactants.6 Meanwhile, the CMC of ionic
surfactants decreases to a minimum value with an
increasing temperature and then rises again, displaying a U-
shaped behaviour.6 Complete thermal stability of non-ionic
surfactant aggregates requires higher concentrations of the
surfactant.7
Temperature can also signiﬁcantly affect the stability of
aqueous foams.8 Foam stability decreases at higher tem-
peratures as the liquid drainage rates increase.5,8 This is
attributed to a faster desorption of surfactant from liquid
ﬁlms occurring at higher temperatures.5
Despite the widespread use of sclerosing foams in clinical
practice, the effect of temperature on physiochemical
properties of detergent sclerosants or sclerosant foam sta-
bility has not been previously investigated. The purpose of
this study was to determine the effect of temperature
variations on surface tension, liquid drainage, and half-time
of detergent sclerosants.
MATERIALS AND METHODS
Deﬁnitions
Liquid-plus-air fraction (LAF) was deﬁned as the relative
volumes of liquid and air constituents used in foam prep-
aration. Reference foam of 1 þ 4 used in this study con-
sisted of one part liquid and four parts air. LAF should be
differentiated from liquid volume fraction (LVF), commonly
used in chemical literature, which refers to the volume
fraction of liquid in aqueous foams and presented as a
percentage. Foam half-time was deﬁned as the time
required to drain 50% of the original liquid content.Materials
These included STS (Fibro-Vein 3.0% (w/v), Australian
Medical and Scientiﬁc, NSW, Australia); POL (Aethox-
ysklerol 3.0% (w/v), Kreussler, Wiesbaden, Germany); so-
dium chloride 0.9% w/v (normal saline [NS], Baxter
Healthcare, NSW, Australia); 1-mL Luer-slip syringes and 3-
mL Luer-lock syringes (Terumo, New Jersey, USA); three-
way taps, 14-mL plastic test tube and 25G needles (Bec-
ton Dickson, New Jersey, USA); 5-mm Steriﬁx ﬁlters (B
Braun, Melsungen, Germany); Nikon D70s digital camera
with AF Micro-Nikkor 105-mm lens (Nikon, Tokyo, Japan);
KSV Sigma 70 Tensiometer (Attension/Biolin Scientiﬁc,
Espoo, Finland).Figure 1. Schematic diagram showing the experimental set-up. A 3-
mL syringe was ﬁlled with the generated foam, connected to a
weight and immersed in the glass water bath of known temper-
ature. A camera was set to photograph the syringe through the
water bath every 10 seconds.Sclerosant preparation
Stock solutions of sclerosants were obtained from manu-
facturers and diluted with NS to obtain the desired con-
centrations. Foam was generated using a modiﬁed Tessari
method.9 All sclerosant foam samples used in these ex-
periments had a 1 þ 4 LAF. Brieﬂy, 0.5 mL of liquid scle-
rosant was drawn up in the 1-mL syringe and 2 mL of air in
the 3-mL syringe to achieve the 1 þ 4 LAF. The two syringes
were then assembled using a three-way stopcock with a 5-mm ﬁlter placed on both syringes. Stopcock and ﬁlter as-
sembly dead space always consisted of air at start of foam
generation. The assembly of two ﬁlters and stopcock
introduced a 0.35  0.05 mL of dead space. The plungers
were moved through 10 full strokes to disperse the air in
liquid. A stroke was deﬁned as a movement emptying and
reﬁlling the syringe initially ﬁlled with liquid. One stroke
approximately took 1 second.
Ambient temperature
All experiments were performed at an ambient room tem-
perature of 25 C.
Measurements
Surface tension. A water bath was connected to the
tensiometer and set to 15 C. The inner wall of a glass vessel
was sterilized with the sulphuric acid and sterile water, and
blow-dried using compressed nitrogen gas. The vessel was
then ﬁlled with 20 mL of 3.0% STS or POL and positioned in
the tensiometer. A Du-Nouy ring was suspended inside the
tensiometer above the vessel. A computer program was
then initialized, which lowered the ring into the sample,
taking 12 readings in total per measurement, and directly
calculating the surface tension of the sample. The mea-
surements were then repeated at water bath temperatures
of 25 C and 35 C. Three measurements were taken for
each sample temperature, with the results given as a mean
value, n ¼ 3 (Table 1).
Liquid drainage. A metal weight was taped to the spring
steel section of a binder clip and the wire handles were
Figure 2. Liquid surface tension of (A) STS 3.0%, and (B) POL 3.0%
at 15, 25, and 35 C. Note. Results are the mean  SEM (n ¼ 3).
NS ¼ not signiﬁcant. *p < .05, **p < .01, and ***p < .001.
Figure 3. Liquid drainage from foam was measured at seven
different temperatures. 0.5 mL of liquid was used to generate the
foam and time taken to drain set volumes was measured: (A) STS
3.0%; (B) POL 3.0%. Experiments were performed for three con-
centrations (0.5, 1.5, and 3.0%): 3.0% results are representative
and shown here.
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thermometer was used to vary the foam temperature as
below. Liquid drainage measurements were continued until
0.5 mL (100%) of liquid had drained from the foam.
Post-cooling/-heating. In these experiments, foam was
generated in ambient temperature ﬁrst before its temper-
ature was varied. The syringe containing foam was
immersed vertically in a beaker water bath at 10, 15, 20, 25,
30, 35, or 40 C. Once immersed, a camera was set to
photograph the set-up every 10 seconds for up to 10 mi-
nutes and the foam was allowed to drain. The height of the
liquid column draining at the bottom of the syringe was
measured for each time interval.
Pre-cooling. In these experiments, the liquid and air sy-
ringes were pre-cooled and the foam was generated in a
water bath. The assembly (liquid and air syringes connected
via a three-way tap) was immersed in a water bath at 10 C
for 30 minutes, contents not yet mixed. Foam was gener-
ated and ﬁlled in one syringe while in the bath and the
empty syringe was detached. The ﬁlled syringe was then
taken out and positioned vertically in open air and the
drainage volumes over time were recorded.
Control experiments. Foam preparation and drainage time
measurements were performed in open air at room
temperature.Statistics
Results are expressed as the mean  standard error of the
mean (SEM). The Student t test with unpaired results and
two tails was used to calculate p values. Signiﬁcance was set
at p < .05.RESULTS
Surface tension
Liquid sclerosant surface tension decreased at higher tem-
peratures. The highest mean surface tension recorded for
STS was 24.26 mN/m at 15 C but this value decreased as
the temperature of the sample increased (Fig. 2). The
highest mean surface tension for POL was 25.54 mN/m also
at 15 C, and, similar to STS, this value decreased at higher
sample temperatures.Liquid drainage
Post-cooling/-heating. Both STS and POL foam samples
took the longest to drain at 10 C (Fig. 3). Liquid drainage
was prolonged at temperatures lower than the ambient
596 G.C. Valenzuela et al.temperature (<25 C) and accelerated at higher
temperatures.
Overall, foam half-time was prolonged at cooler tem-
peratures (Fig. 4). POL demonstrated a consistent trend
where the higher concentrations had signiﬁcantly more
prolonged half-times at all temperatures measured
(Fig. 4B). By contrast, no consistent trend could be observed
for concentration variations of STS (Fig. 4A). Both scle-
rosants demonstrated the longest half-times at the coolest
temperature (10 C). The longest half- time recorded for any
sample was for POL 3% at 10 C (220 seconds). This was
signiﬁcantly longer than the half-time of STS 3% (150 sec-
onds, p < .05).
Comparing the two agents at 3%, POL showed a signiﬁ-
cantly longer half-time at the coolest (10 C, p < .001) and
the ambient temperature (25 C, p < .01) but at 40 C,
there was no difference between the two sclerosants
(p ¼ .057) (Fig. 4C).
Comparing the two agents at 1.5%, there was no differ-
ence between the two agents at the coolest (10 C,
p ¼ .060), ambient (25 C, p ¼ .102) or the highest tem-
perature (40 C, p ¼ .230) (Fig. 4D).
Comparing the two agents at 0.5%, there was no differ-
ence between the two agents at the coolest (10 C,Figure 4. Foam half-time at different temperatures for (A) STS and (B) P
(E) 0.5%. Note. Results are the mean  SEM (n ¼ 3). NS ¼ not signiﬁp ¼ .066) or ambient temperature (25 C, p ¼ .148) but STS
had a longer half-time than POL at the highest temperature
(40 C, p < .05) (Fig. 4E).
Pre-cooling. For both sclerosants at all concentrations, pre-
cooling signiﬁcantly prolonged the half-times compared
with controls (Fig. 5). POL showed a regular trend, where
half-time prolonged at higher concentrations (Fig. 5B). STS
did not show a regular trend with concentration (Fig. 5A).
Comparing the two agents, POL half-time was signiﬁ-
cantly higher than STS at 3.0% (p < .05) but there was no
signiﬁcant difference at lower concentrations (p > .05).DISCUSSION
We studied the effects of temperature variations on liquid
sclerosant surface tension and sclerosant foam stability. The
key ﬁnding was that cooler temperatures increased the
surface tension of liquid sclerosants and slowed down the
liquid drainage from sclerosant foams. Both pre- and post-
cooling of the foams resulted in signiﬁcant prolongation
of half-times when compared with no cooling. POL showed
signiﬁcantly longer half-times compared with STS and
seemed to beneﬁt the most from the lower temperatures.OL. STS foam is compared with POL foam at (C) 3.0%, (D) 1.5%, and
cant. *p < .05, **p < .01, and ***p < .001.
Figure 5. Pre-cooling experiments- foam half-times of (A) STS and
(B) POL when pre-cooled at 10 C for 30 minutes at three con-
centrations. Note. Results are the mean  SEM (n ¼ 3). NS ¼ not
signiﬁcant. *p < .05, **p < .01, and ***p < .001.
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tested can be achieved at 10 C.
Temperature variations affected the liquid drainage
behaviour and foam stability. These experiments demon-
strated a proof of concept that cooler temperatures maxi-
mize the sclerosant foam stability. In all cases, the samples
at 10 C took the longest to drain and the half-times pro-
gressively shortened at higher temperatures. There were
signiﬁcant differences between the two sclerosants. POL
demonstrated a predictable trend, where foam half-times
were prolonged with increasing concentrations of scle-
rosant at all temperatures. POL 3.0% had the longest half-
time for any given temperature, whereas low concentra-
tion POL (0.5%) was unstable and beneﬁted from cooler
temperatures. These ﬁndings are consistent with previous
studies showing that foam stability improves at higher
concentrations of non-ionic surfactants.10,11 Our novel
ﬁnding is that the same trend is seen with POL at a range of
temperatures.
STS foam half-time reduced at higher temperatures but
by contrast to POL, the STS concentration did not signiﬁ-
cantly inﬂuence the foam half-time. The difference is most
likely due to the anionic nature of STS. Ionic surfactants
form an electrostatic double-layer in the thin liquid lamella
separating the foam bubbles, whereas non-ionic surfactants
stabilize the liquid ﬁlms by steric forces.12 With increasing
concentrations of surfactants, the repulsive force in theliquid lamellae is increased. This increased force contributes
to a “disjoining pressure” that separates the bubbles
further. Hence, in ionic surfactants, the stabilising effect of
increasing the concentration is counterbalanced by the
increasing repulsive force.
A previous study investigated a lower range of concen-
trations of STS foam (0.25%, 0.5% and 1%) and showed that
small increases in concentration of STS foam improved its
half-time.13 The discrepancy with the current study may be
attributed to a number of factors such as the lower range of
concentrations tested since the electrostatic forces are most
prominent at the higher concentrations of anionic scle-
rosants. Furthermore, there are differences in the materials
used (5-mL and 3-mL syringes vs. 3-mL and 1-mL syringes
and the use of ﬁlters in this study) and the foam generation
technique (double-syringe system technique vs. using a 3-
way tap-the Tessari method). Another previous study
demonstrated consistent results with our present ﬁndings
where high concentration POL had a higher median half-life
compared with STS in pre-warmed tubes at 37 C.14 Future
studies should compare the effect of technique variations
and foam preparations on sclerosant foam stability.
We also investigated the effect of heating the scle-
rosants. Consistent with scientiﬁc literature on surfac-
tants,15e17 surface tension of both liquid sclerosants
decreased at higher temperatures. Surfactants reduce the
surface tension at the gaseliquid interface of the bubbles.
Therefore, it may be presumed that higher temperatures
contribute to foam stability by reducing the surface tension
of bubble ﬁlms further. However, aqueous foams evolve in
time by liquid drainage, foam coarsening, and ﬁlm rupture.
As we demonstrated, cooler temperatures prolong the
liquid drainage and increase the foam half-time while post-
heating of the foam resulted in much shorter half-times.
Therefore, despite the initial advantage of a lower surface
tension, the net effect of the higher temperatures is a sig-
niﬁcant reduction in foam stability. There was a higher
variability for STS liquid surface tension values as against
those obtained for POL. This was most likely due to the
variability in STS bubble size at higher concentrations as
shown by this group in other studies.18
The clinical implication of this study is that temperature is
an important factor when considering sclerosant foam sta-
bility. No publication to date has speciﬁed the signiﬁcance
of temperature on the clinical application of sclerotherapy.
What this study does show is that temperature should be
considered as a determinant for sclerosant efﬁcacy, at least
from a mechanical standpoint. Pre-cooling seemed to have
the best results and hence we propose that keeping the
syringes and sclerosants refrigerated prior to use for at least
30 minutes would prolong the half-time of sclerosant foams
and improve their stability. A bigger clinical question is
whether a more stable foam is desirable in general and
whether the foam should be stable prior to injection and
dissipate rapidly following its introduction into the target
vessels. Clinically, larger bubbles have been associated with
a higher risk of neurological ischaemic events and hence a
stable micro-foam that maintains its small bubble size is
598 G.C. Valenzuela et al.preferable to an unstable foam that coarsens to form
macro-bubbles intravascularly.19 A signiﬁcantly more stable
foam has the potential disadvantage of persisting in the
vascular system with possible unknown or unpredictable
complications. These questions need to be addressed in
large-scale clinical trials.
Our in vitro ﬁndings should not be extrapolated to pre-
dict foam behaviour in target vessels. The injected sub-
stance would be subject to the higher temperature of the
target environment. The speed of warming of a given foam
sample is determined by Newtown’s Law of Cooling. Based
on this law, the greater the difference in temperature be-
tween two objects, the quicker the temperature change.
Hence, exposing a foam sample at 10 C to a surrounding
core temperature of 37 C will result in an ultimate increase
in foam temperature. Therefore, cooling strategies
described in this study only ensure foam stability prior to
the injection. Clinically, it would make sense to pre-cool the
target vessels using a variety of methods such as injection
of a pre-cooled tumescent ﬂuid or application of ice packs
prior to administration of the sclerosant foam. The subse-
quent vasoconstriction would have the advantage of a
smaller vessel diameter requiring lower volumes of scle-
rosing foam. In addition, the reduced volume of intravas-
cular blood would result in less deactivation of the active
sclerosant by blood components.1 The obvious technical
disadvantage of pre-cooling the target vessels would be a
more difﬁcult access due to vasoconstriction which can be
bypassed by accessing the vein ﬁrst before cooling down
the vessel.
This study had a number of limitations. The lowest tem-
perature included in this study was 10 C. Future studies
should incorporate lower temperatures. Although we
investigated the effect of temperature variations on liquid
drainage and foam stability, the concurrent changes in foam
structure and coarsening also play an important role in the
ultimate function of foam sclerosants and should be
incorporated into future studies. We investigated liquid
drainage in a vertical position. In a recent study by this
group, the liquid drainage was slowed down in the hori-
zontal position.18 Furthermore, lower concentrations of
sclerosants were obtained by dilutions in normal saline. The
choice of diluent (water vs. saline) affects the surface ten-
sion and viscosity of sclerosants as shown by this group in
another study,20 and may affect the foam half-time at
higher temperatures. Other sclerosants, concentrations,
liquid-plus-air fractions, foaming gases, techniques and
combinations of these factors should be incorporated in
comparative studies. Further research will be required to
determine how to standardize the procedure of pre-cooling
sclerosants before it would be possible to consider it in
clinical practice.
In summary, these preliminary ﬁndings have illustrated
the effects of temperature on sclerosant foam stability, with
low temperatures resulting in improved bubble ﬁlm
strength and overall foam resilience to natural drainage. In
particular, the longest half-time that could be achieved
within the test parameters was 3.0% POL foam at 10 C.ACKNOWLEDGEMENTS
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